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Introduction
Polyoxometalates (POMs) are a class of inorganic nanometer size metal-oxide cluster compounds [1] . Their electrochemical properties such as high stability and conductivity, as well as ability to undergo reversible multiple electron transfer redox processes, make them promising materials to construct electrode materials of electrochemical applications in various areas such as electrocatalysis [2] , electrochromic and photochromic devices [3, 4] , corrosion protection [5] , ion-selective membranes [6] , or electrochemical capacitors [7] . ) type, where X is the non-metallic element such as P, Si, and As while M is a metal redox center, usually W (VI) , Mo (V) , V (V) , Nb (V) , or Ta (V) [1] . The presence of more than one metallic center was also reported. It has been demonstrated that tungsten or molybdenum can be substituted by vanadium within the polyoxometalates framework [8] [9] [10] [11] [12] [13] . Substituted POMs' polyanions are characterized by higher negative charges. Therefore, they tend to exhibit better stability in a wide range of pHs, even up to neutral pH. Consequently, their applications in medicine and many biological systems have been considered [9] .
Due to their small size and high charge, POMs are, in general, fairly well soluble in many solvents. Therefore, to use POMs as active electrode materials, a development of their immobilization methods is required. Recently, various hybrid systems with POMs have been proposed and studied for solid-state applications [14] [15] [16] . Common representative examples include the systems containing POMs immobilized within conducting polymers [17] , gel matrices [18] , Langmuir-Blodgett layers [19] , or as adsorbates existing on nanoparticles' surfaces [20] [21] [22] . A high anionic charge of POM layers or adsorbates permits their application as linking agents during fabrication of three-dimensional network films consisted of anionic and cationic species interconnected via simple electrostatic interactions. This layer-by-layer concept was applied to the formation of POM-based hybrid films containing conducting polymers [20] [21] [22] [23] , positively charged organics like poly(vinylpyridine) or poly(ethylenimine) [24] and transition metal (Fe, Ru, Os, Cu) complexes [2, [25] [26] [27] .
It should be also mentioned that POMs are characterized by the ability to undergo strong spontaneous adsorption on such electrode substrates (or nanosized particles) as carbon, platinum, or gold [20] [21] [22] . The efficiency of adsorption strongly depends on the POMs composition and the choice of an electrode material [28] . Therefore, a reasonable approach allowing a stable attachment of almost any POM involves the electrode surface pretreatment leading to the formation of positively charged monolayer capable of electrostatic interaction with reversed charged POM-based film generated in the next step. For this purpose, some organic reactants such as cysteamine, 4-aminothiophenole, and 1,12-diaminododecane were previously applied [29] [30] [31] . Recently various organic polyelectrolytes (with charged functional groups) including poly(diallyldimethylammonium) chloride (PDDA) were utilized to fabricate novel multilayered materials [32] .
In the present work, the preparation of the hybrid material composed of PDDA-derivatized CNTs and an unique (namely containing two distinct, tungsten, and vanadium, redox centers as well as being highly negatively charged) polyanion, [P 2 W 17 VO 62 ] 8− , is described. It is noteworthy that up to now a large portion (ca. 80 %) of POM applications concentrated on their electrocatalytic features, particularly with respect to induced electroactivity of such inert inorganic reactants [9, 26, [33] [34] [35] [36] [37] as bromate, chlorate, nitrite, hydrogen peroxide (reductions) or ascorbic acid, NADH, and L-cysteine (oxidations). POMs were also reported to have a beneficial effect on oxygen reduction process [28] . With regard to electrochemical charging in redox supercapacitors, POMs were not commonly used regardless a few recent reports which indicated a large contribution of charge exchanged during multiple redox processes of POMs to overall capacitance [7, 14, 15, [38] [39] [40] . Composite materials, which are composed of conducting polymers and POMs [14, 15] , POMs with CNTs, or activated carbons [7, 38] , have been already described. Depending on the charge storage mechanism, electrochemical capacitors (often termed as supercapacitors) could be classified into two types [41] : electrical double-layer capacitors (EDLCs) and so-called faradaic (redox-type) capacitors. The EDLC capacitance arises from the charge separation at the porous carbon electrode-electrolyte interface while the faradaic capacitance (or pseudocapacitance) arises from the fast, reversible redox reactions occurring at the interface or near the solid electrode surface. Among carbon materials, carbon nanotubes (CNTs) have been widely examined as electrode materials for supercapacitors [41] [42] [43] . Between their important features, a good mechanical strength, high electric conductivity, and reasonably high specific surface area [41] 8− anion involves the addition of up to seven electrons. Moreover, this POM was previously found to be stable in both acid and neutral media and to behave well within the multilayer assembly film [45] . The choice of PDDA was suggested by the literature reports [46, 47] . For example, a reasonable strategy of functionalization of PDDA-coated CNTs with Keggin-and Dawson-type POMs has been recently reported [47] . In the present work, the emphasis was put on the charge propagation (chargingdischarging) phenomena and the potential electrocatalytic properties of the unique vanadium-mixed addenda Dawson [33] . All other chemicals (from POCH) were used as received. The aqueous buffer solutions of pH 2, 4.5, and 7 were prepared according to the literature [50] . All solutions were prepared using doubly distilled subsequently deionized (Millipore Milli-Q) water.
Apparatus and procedures
To perform electrochemical experiments, CHI 660 or CHI 660C potentiostat was employed. The measurements were carried out using a three-electrode system. A glassy carbon (GC) electrode (d=3 mm) and GC plate (1×1 cm) were used as working electrode, a graphite rod as counter electrode, and a saturated calomel electrode (SCE) as reference electrode. To determine specific capacitance, the GC plate was used so that it was more convenient to weight electrode material. To reduce the amount of used materials, the GC electrode was employed to carry out all other electrochemical experiments. Working electrodes were polished successively with 1.0, 0.3, and 0.05 μm alumina powders. They were rinsed with ethanol and distilled water after each polishing step. To ensure removal of dissolved oxygen, all solutions were degassed with nitrogen for 10 min before all electrochemical studies. Experiments were carried out at room temperature (20±2°C). The active layers of CNTs were prepared using previously described procedure [16] with some modifications. First, 5 mg of purified CNTs was mixed with 0.5 ml of ethanol and diethyl ether solution (wt.% ratio 97:3) and left under magnetic stirring for 1 h. Then, Nafion™ solution was added and the mixture was stirred for the next hour. The ink suspension contained approximately 80 wt.% of CNTs and 20 wt.% of Nafion™ ionomer. The suspension was subsequently spread onto GC electrode (or plate) with CNT-based electrode material loading of 0.4 mg cm −2 . Next, the resulting CNT layer was chemically modified using the procedure [46] involving the layer-by-layer self-assembly method. Deposition involved three steps, namely immersion in the aqueous solution of 5 mol dm −3 HNO 3 (to form negative charges), 4 wt.% PDDA, and 5 mmol dm 8− composite material was examined using JEM 1200 EX (JEOL) transmission electron microscope (TEM) operating at 80 kV.
Results and discussion
Preparation and microscopic properties of composite films
To obtain the [P 2 W 17 VO 62 ] 8− modified carbon nanotubes, three different methods of preparation were applied. We examined the formation of the heteropolyanion monolayers in the process of its spontaneous adsorption on CNTs (the direct adsorption on glassy carbon substrate is relatively negligible without special electrochemical (anodic) pretreatment of the electrode which was described elsewhere [52] ) from (a) water and (b) 0.1 mol dm , was obtained when CNTs (deposited on glassy carbon) were first covered with the cationic PDDA layer as a template for a subsequent attraction of the heteropolyanion. The latter phenomenon can be explained in terms of strong electrostatic interactions between negatively charged POMs and positively charged PDDA [32] . Figure 1 illustrates representative TEM images recorded for CNTs (a) before and (b) after modification of their surfaces with PDDA monolayer, as well as (c) (the latter being likely on the monolayer level) on the surfaces of CNTs. It cannot also be excluded that deposition proceeded predominantly at defective sites of side walls as well as at the ends of CNTs as previously postulated [21, 51] .
Electrochemical identity of composite films and oxidation peaks potentials ((E peak red +E peak ox )/2). First set of peaks, i.e., appearing at the most positive potentials and labeled as 1, should be attributed to the V IV/V redox process. The origin of the second redox process, labeled as 2, is not clear. Perhaps, this reaction could be ascribed to the redox activity of oxygen-surface groups in CNTs or to the presence and electroactivity of different vanadium forms (less likely). The last two reversible reduction waves, marked as 3 and 4, should correspond to bi-electronic redox processes of oxotungstate units according to the reaction [52] :
where n is equal to 2 and 4, respectively. For comparison, Fig. 2 8− dissolved in solution, a fifth well-defined reversible reduction process was also detected at potentials more negative than −0.5 V. This electrode reaction should be attributed to the third bi-electronic oxotungstate redox process (n=6). However, studies of our composite film showed that the CNTs/PDDA/[P 2 W 17 VO 62 ] 8− composite stability was higher up to 20 % when the system was subjected to the long-term (4 h) voltammetric potential cycling within the potential range restricted to the first two oxotungstate redox processes (i.e., down to −0.5 V). In addition, it was previously reported that potential cycling over the three oxotungstate processes could destabilize the polyoxometalate structure [50] . As a result, our electrochemical study was confined to the V IV/V and the first two oxo-tungstate redox processes. 18 , that were found to be well-maintained and electroactive within the CNTs nanocomposites [47] . All redox processes illustrated in Fig. 2 a exhibited the peak-to-peak (ΔE peak ) separations of less than 20 mV, except the unidentified process marked as 2 for which ΔE peak =30 mV. On the whole, it could be concluded that we were dealing with the surface confined species characterized by fast and reversible redox transitions. The full widths at half maximum values (FWHM) obtained from Fig. 2 8− composite were found to be 138, 102, 66, and 58 mV for the respective oxidation waves of the redox processes labeled as 1, 2, 3, and 4. The first two values were larger than the theoretically predicted value of Fig. 1 [53] . The last two values also exceeded the anticipated 45.3 mV expected for bi-electronic redox process. It is believed that appearance of FWHM values higher than those theoretically predicted typically reflects repulsive interactions within the film [54] . Moreover, the above results could also be explained by the peak broadening due to the existence of high background currents originating from the double-layer capacitive currents as well as electroactivity of surface groups of CNTs [19] as it is apparent from inset b of Fig. 2 illustrating a cyclic voltammetric response of bare CNTs in 0.5 mol dm −3 H 2 SO 4 . CNTs were attached to the glassy carbon substrate as described in "Experimental" section, except that the their layer was not subjected to further modification. Some attention has to be paid to the appearance of voltammetric responses in the range from 0.2 to 0.4 V [16] . As previously mentioned [55] , "bamboo-shaped" multi-walled CNTs exhibited (in 1 mol dm −3 H 2 SO 4 ) the anodic peak at about 0.45 V and the cathodic one at 0.40 V originating from the oxidation and reduction of surface quinoidal functional groups. A high electrode capacitance, as evident from the large separation baselines between the anodic and cathodic scans in cyclic voltammograms of CNTs, was also postulated [56] . In the case of acid treated single-walled carbon nanotubes, contributions from the charging of electrical double layer and from the pseudocapacitance effects related to surface Faradaic (redox) reactions were found sizeable [57] . Therefore, it is reasonable to assume that the peak broadening observed here for bare multi-walled CNTs (inset b of Fig. 2 8− polyanion was found electroactive in the wide range of pH's varying from 0 to 7. Nevertheless, the higher the pH values, the more poorly developed peaks of lower current densities were recorded. The results showed that, with increasing pHs, the two bi-electronic oxotungstate redox peaks, labeled as 3 and 4, shifted to lower values of potentials (linear relationship for the representative set of peaks labeled as 3 is shown in inset b of Fig. 3 ). The positions of redox couples labeled as 1 and 2 were almost pH-independent. The slope values of the E c ′ vs. pH plots for the oxotungstate-based redox processes labeled as 3 and as 4 were found to be 70 and 69 mV per pH unit. The results corresponded to the addition of two protons as was observed with the solution phase species of the other Dawson-type POMs [50] .
A scan rate study performed in 0.5 mol dm −3 H 2 SO 4 using the CNTs/PDDA/[P 2 W 17 VO 62 ] 8− system (CNT-based electrode material loading, 0.4 mg cm −2 ) showed that the peak potentials associated with all the observed redox processes were independent of scan rate (Fig. 4 a) , as well as that the peak current densities were directly proportional to scan rates of up to 1 V s −1 (inset b of Fig. 4 ). The data indicated existence of the surface controlled redox processes. In addition, some work on the effect of the composite thickness was carried out. In the case of thicker electrode, where the CNT-based material loading was 1 mg cm −2 , it was found that for the plot of current density versus scan 8− . This could be ascribed to the formation of the CNT surface groups enhanced or activated by diethyl ether. Our recent studies also showed that an increase of the current intensities was also seen when the ink suspension was prepared using CNTs that had already been modified with PDDA and [P 2 W 17 VO 62 ] 8− . It is reasonable to expect that current increases were caused by so-called current doubling historically observed in the presence of different organic molecules [58, 59] . As the observed effect led to the pseudocapacitance increase, the ink suspension was prepared as a rule with addition of diethyl ether.
Dynamics of charge transport
An effective (apparent) diffusion coefficient D eff was previously estimated for charge transport of different systems [60] . However, in the case of our composite system, there was some uncertainty with respect to the estimation of the polytungstate redox centers concentration (C 0 ), namely due to the high specific surface area of CNTs. This could be responsible for an error in the determination of D eff . Therefore, a series of chronocoulometric (potential step) experiments was performed to estimate a kinetic parameter D eff 1/2 C 0 (rather than simply D eff ) for the CNTs/PDDA/[P 2 W 17 VO 62 ] 8− composite. The parameter was determined by usual means [60] , i.e., from the slopes of dependencies of charge (Q) versus square root of time (t 1/2 ) and using integrated Cottrell equation. Figure 5 illustrates the chronocoulometric potential step response recorded in 0. 5 ).
Charging/discharging characteristics (Fig. 6 a, b) .
Using the data from discharging segments of Fig. 6 , the specific capacitance, C, values (per gram of carbon nanotubes material) were estimated in similar manner as described previously [16] , namely by using of the following equation: C ¼ iÁt ΔEÁm (where t-discharge time, i-discharge current, ΔE-potential difference, m-mass of the electrode material). The following C values were obtained: 50 and 82 F g −1 at the current of 200 mA g −1 for the bare CNTs and ) for the hybrid material made of onion-like-carbons chemically modified with Keggin-type POM together with PDDA. The result was 20 % higher than the one observed for bare carbon onions [46] . On the other hand, a very high specific capacitance of 168 F g −1 was obtained under constant current of 400 mA g −1 for the hybrid material based on polyaniline and
Keggin-type POM [15] . However, it should be mentioned here that the conducting polymer matrix had much larger contribution to the overall capacitance that pure double-layer carbon material. For example, CNTs modified with POM adsorbates (monolayers) yielded much lower capacitance, namely 40 F g −1
at the current of 200 mA g −1 [16] . To conclude, the results obtained by different authors rather should not be compared directly because usually different approaches are used for material preparation and electrochemical testing. Nevertheless, this report confirms again the pseudocapacitance nature of POMs. Upon application of increasing currents, ranging from 200 to 5000 mA g −1 , the specific capacitance (estimated by galvanostatic method) of our two investigated systems decreased (Fig. 7) . Following an initial rapid decrease, a leveling effect was observed at currents exceeding 3 A g 8− composite, they were also estimated by cyclic voltammetry and impedance spectroscopy. These techniques were chosen because both of them were previously used to estimate capacitance. Particularly, impedance spectroscopy was earlier reported to be a useful technique for the measurements of capacitance giving complementary results [16, 41] .
The specific capacitance values determined from cyclic voltammetry were estimated using generally accepted equation [16] :
vÁm , where i c is capacitance current, v is scan rate, and m is mass of the electrode active material (Fig. 8 a) . The impedance spectroscopy results were collected in the frequency range of 20 mHz-100 kHz with the amplitude of 5 mV. Seven different potential values were applied to the modified electrodes, namely 0.6, 0.48, 0.2, 0.4, 0.0, −0.2, and −0.4 V vs SCE. Using these data, the specific capacitances were estimated in similar manner as described previously for double layer capacitance [61] . Inset b in Fig. 8 Fig. 8 ) could suggest porous nature of the investigated material [61] ; however, it was difficult to approximate the Nyquist impedance plots (Fig. 8) for the CNTs/PDDA/[P 2 W 17 VO 62 ] 8− composites using the porous electrode model. Nevertheless, it was possible to approximate experimental data using the model presented in Fig. 8 .
As seen in Fig. 8 a, the average C values determined from the cyclic voltammetry and impedance spectroscopy data were comparable to those estimated by galvanostatic method. Some inconsistencies could be explained by differences in the approaches to capacitance estimation [16] . It is also noteworthy that no kinetic semicircles were observed. However, this could be attributed to the fast reaction kinetics [61] . Despite the fact that vanadium heteropolytungstate redox transitions (involving electron transfers between
) appear in the negative range of potentials, the electrolyte decomposition has not been observed. It (Fig. 9 a) . Electrocatalytic responses were already visible in 0.1 mmol dm
solution of bromate. The reduction process started readily at about 0.1 V, where quinoidal groups existing at CNTs may . Bromate concentration, 3 mmol dm −3 contribute to the overall activity, but the electrocatalytic current was maximized when mixed-valent W (V, VI) redox centers were generated within the polytungstate structure. The typical reduction mechanism described for various types of Keggin and Dawson polyoxometalates [9, 26, [33] [34] [35] [36] [37] (Fig. 9  c) . The obtained results show clearly that the predominant electrocatalytic activity originates from carbon nanotubes during the electrocatalytic process.
Using the voltammetric data, a dependence of the electrocatalytic current on BrO 3 − concentration was plotted (Fig. 9 b). Results were corrected for background currents recorded in the absence of bromate. The sensitivity parameter, demonstrated as a slope of the plot (shown in inset b), was calculated to be 0.24 mA cm −2 mmol −1 dm 3 which is much higher or comparable to those previously reported [33, 63, 64] .
Conclusions
Electrochemical properties of the CNTs modified with PDDA and the Dawson-type [P 2 W 17 VO 62 ] 8− heteropolyanion were investigated here with the emphasis on charge and discharge characteristics as well as on the system's electrocatalytic properties. This hybrid material was found to be stable toward long-term voltammetric potential cycling in 0.5 mol dm −3 H 2 SO 4 . The system's stability was lower, but still reasonable, in more neutral media (up to pH 7). It is important to note that mixed addenda heteropolyanions are more negatively charged (better attraction to positively charged matrices such as PDDA) and more physicochemically stable (even in the less acidic media). On the whole, the CNTs/PDDA/[P 2 W 17 VO 8− hybrid material exhibited a high electrocatalytic activity toward reduction of bromate in the broad concentration range. However, the detailed experiments showed a predominant contribution from carbon nanotubes to the overall process. It is not clear to what extent the presence of vanadium ions and/or internal asymmetry of mixed addenda heteropolytungstate structure affects the system's high electrocatalytic activity during reductions (bromate).
